Depression in late life carries an increased risk of dementia and brittle response to treatment. There is growing evidence to support a key role of the serotonin type 1A (5-HT 1A ) receptor as a regulator of treatment response, particularly the 5-HT 1A autoreceptor in the dorsal raphe nucleus (DRN). We used [
INTRODUCTION
Late-life depression, with a prevalence of 1-20% of persons 60 years of age or older, carries substantial and growing public health implications for the aging United States population (Blazer et al, 1987) . Work from our institution and others has demonstrated success in treating late-life depression (Alexopoulos et al, 1996; Bump et al, 2001; Gildengers et al, 2002) , but has also found that the response to antidepressant therapy may be brittle and carry an increased risk of chronicity in elders (Dew et al, 1997) . Biological age-associated changes may also contribute to the unique challenges of depression treatment in the elderly.
Extensive evidence supports a key role of serotonergic dysfunction in the development of major depression, and there has been increased attention on the serotonin 1A (5-HT 1A ) receptor as a regulator of treatment response. The central 5-HT neurotransmitter system encompasses an extensive network of ascending projections from the brainstem raphe nuclei to cortical and limbic brain regions. Preclinical evidence suggests that several antidepressant agents downregulate the cortical 5HT 1A receptor (Stahl, 1994; Stahl et al, 1993) , which may be an important mechanism indicative of clinically successful antidepressant therapy (Stahl, 1992) . Particular emphasis also has been placed on the modulatory role of the 5-HT 1A autoreceptor in the dorsal raphe nucleus (DRN). The well-described approximately 2-week delay in achieving clinical efficacy with SSRIs and other antidepressants has been attributed to the time needed to desensitize the 5-HT 1A autoreceptormediated inhibitory feedback mechanism (Kreiss and Lucki, 1995; Li et al, 1996) (Blier and Bergeron, 1995) .
Limited in vivo human studies of the 5-HT 1A receptor in major depression indicate reductions in binding in the midbrain and cortical areas in young and midlife subjects (Drevets et al, 1999 (Drevets et al, , 2000 Sargent et al, 2000) . The study conducted by Drevets et al (2000) focused on a unique cohort of highly selective familial mood disorder patients. Work by Sargent et al (2000) included both medication free and subjects on antidepressant medication. Contrary to the data from these studies, postmortem work by Stockmeier et al (1998) There are also few data on how aging may affect the function of the serotonergic system, particularly the 5-HT 1A receptor, and its relationship to depression (Tsukada et al, 2001) . Indeed, age-associated changes in serotonergic function could have a substantial impact on the capacity of the elderly to resist depression and to respond to serotonergically mediated antidepressant pharmacotherapy. Some postmortem studies (Arango et al, 1997; Dillon et al, 1991; Marcusson et al, 1984a; Matsubara et al, 1991) , but not others (Cheetham et al, 1990; Palego et al, 1997) have found aging effects in 5-HT 1A receptor density. Two PET studies using the selective 5-HT 1A receptor antagonist [ 11 C]WAY 100635 have shown an influence of age on 5-HT 1A binding (Meltzer et al, 2001; Tauscher et al, 2001) . Meltzer et al (2001) examined subjects across the adult lifespan and noted an aging decline in men, but not women. Conversely, in a men-only study, Rabiner et al (2002) found no decline in [ 11 C]WAY 100635 binding within the relatively narrow age range of 24-53 years. Similarly, Parsey et al (2002) observed no effect of age on 5-HT 1A receptor. Differing conclusions reached in studies to date may be, in part, accounted by the restricted range of ages in several studies (Rabiner et al, 2002; Tauscher et al, 2001 ) and methodological variation, particularly in whether arterial blood sampling was performed and tracer kinetic modeling approaches, across studies.
In this study, we applied quantitative PET imaging techniques and [ 
METHODS AND MATERIALS

Subject Selection
In all, 17 untreated, elderly patients with current episodes of major depression and a comparison group of 17 healthy, elderly control subjects were recruited for study participation in collaboration with the Mental Health Intervention Research Center for Late-Life Mood Disorders at the University of Pittsburgh. Nine of the 17 patients had recurrent depression, while eight subjects had singleepisode depression. Clinical and demographic information are shown in Table 1 .
Evaluation included a psychiatric interview using the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders (1994) (DSM-IV) (First et al, 1995) . The Mini-Mental State Examination (MMSE) (Folstein et al, 1985) and Mattis Dementia Rating Scale (Mattis, 1976) were administered to evaluate cognitive status. Patients and controls had routine physical examinations and blood tests (including thyroid hormone levels). All depressed subjects met DSM-IV criteria for current major depressive episode (nonpsychotic) (1994) . Consensus expert evaluation confirmed the diagnosis of depression. Criteria included a score of 15 or greater on the 17-item Hamilton Depression Rating Scale (HDRS) (Hamilton, 1960) . Individuals with unstable medical illness, substance abuse over the past year, history of significant head trauma (defined as loss of consciousness for greater than 30 min) or active malignancy, and those taking psychotropic or other medications with known central nervous system effects including beta-blockers, were not studied. Subjects were also instructed to refrain from use of nonprescription cold preparations for 1 week before the PET study. Patients were free of antidepressant medications, including St John's Wort, for a minimum of 2 weeks (an extended washout period of 8 weeks was used for fluoxetine due to the prolonged pharmacokinetic half-life of this SSRI and its metabolites). Of the group of 17 patients, only seven persons were taking antidepressant medication at the time of study referral. Among these seven patients, there was a median of 22 days (range: 14-26) between the time of discontinuing antidepressant agents (including klonopin, remeron, zyprexa, effexor, wellbutrin, trazodone, celexa, Zoloft, and St John's Wort) and the PET session. For healthy control subjects, additional exclusion criteria included a history of neurological or psychiatric disease and/or a firstdegree relative with a psychiatric or neurodegenerative disorder. A HDRS score of 6 or less was required to exclude depressive symptomatology among the control subjects. Immediately before the PET study, all subjects underwent a urine screening examination for the presence of psychoactive drugs. Two healthy subjects and four depressed women were on chronic hormone replacement therapy at the time of study.
Following the PET study, 15 of the 17 patients were treated for depression with paroxetine as part of an ongoing clinical trial of maintenance therapy in geriatric depression. The remaining two patients refused therapy. We initiated paroxetine dosing at 10 mg/day, increasing by 10 mg/day every 2 weeks as needed. For this analysis, treatment 5-HT 1A and treatment response in LLD CC Meltzer et al response was reflected by a time to remission measure, which was calculated as the number of weeks from the onset of therapy until achieving an HDRS score of 7 by weekly testing. One patient left the treatment trial prematurely at 4 weeks with no therapeutic response and thus was excluded from treatment response calculations. All subjects provided written informed consent prior to study entry, as approved by the University of Pittsburgh Institutional Review Board and Radioactive Drug Research Committee.
Imaging Acquisition and Analysis
The radiosynthesis of [carbonyl-
11 C]WAY 100635 was performed as previously described (McCarron et al, 1996; Meltzer et al, 2001) . PET scans were acquired on a ECAT HR þ PET scanner (CTI PET Systems, Knoxville, TN) in three-dimensional (3D) mode (63 transaxial planes (2.4-mm thickness); in-plane resolution ¼ 4.1 mm full-width at halfmaximum (FWHM) over a 15.2-cm field-of-view). Subjects were positioned parallel to the canthomeatal line and the entire brain was included in the scan. Following a brief transmission scan, emission imaging immediately followed intravenous injection of 13.872.0 mCi [ 11 C]WAY 100635. PET scanning was performed for 60 min. (An additional 30 min for a total of 90 min of postinjection emission data was collected in four controls and 10 patients). A Neuroinsert (CTI PET Systems, Knoxville, TN) placed in the camera gantry was used to reduce random coincidences (Weinhard, 1998) . Head movement was minimized by the use of a thermoplastic mask and headholder system. A 10-min transmission scan was acquired using rotating rods of 68Ge/68Ga immediately prior to the administration of [ 11 C]WAY 100635 for attenuation correction of emission data. PET data were also corrected for radioactive decay and scatter using a model-based approach (Watson et al, 1997) . PET image reconstruction was performed using filtered back-projection (Fourier rebinning, 2D backprojection, Hann filter: kernel FWHM ¼ 3 mm) for a final reconstructed image resolution of about 6 mm (transverse and axial, in-house measurements, data not shown).
Dynamic arterial blood sampling was performed during emission scanning. Plasma data were corrected for the presence of radiolabeled metabolites of [ The PET data were registered to T1-weighted volumetric spoiled gradient recalled (SPGR) magnetic resonance (MR) images for the dual purpose of guiding region-of-interest (ROI) placement and performing partial volume correction. MR images were acquired using a Sigma 1.5 T scanner (GE Medical Systems, Milwaukee, WI) with a standard head coil. The SPGR sequence (TE ¼ 5, TR ¼ 25, flip angle ¼ 401, NEX ¼ 1; section thickness ¼ 1.5 mm with no intersection gap) was acquired in the coronal plane. PET-MR registration was accomplished using Automated Image Registration (Woods et al, 1998) . Pixels corresponding to scalp and calvarium were removed from the SPGR MR images (Smith, 2002) to facilitate registration with the PET images.
With the exception of the brainstem area of the DRN, ROIs were hand-drawn (by a single investigator blinded to subject group) on the coregistered MR images according to anatomic landmarks using guidelines established within the laboratory and transferred to the dynamic PET data for regional sampling. ROIs were sampled on multiple consecutive MR images on which the structure was visualized (except for the occipital cortex, which was sampled on a single plane) and right and left regions were combined to reduce noise (Meltzer et al, 2001 ). Regions sampled included areas known to contain moderate to high 5-HT 1A receptor density and those implicated in depressive illness and the response to antidepressant therapy (Mayberg et al, 2000; Stockmeier et al, 1998) . These included the hippocampus (HIP) and mesial temporal cortex (MTC, which encompassed the amygdalo-hippocampal complex and adjacent portions of the parahippocampal gyrus), lateral orbitofrontal cortex (LOF) (Brodmann area (BA) 47), pregenual anterior cingulate (PGC; BA 24/32), and subgenual cingulate (SGC; BA 25/32). In order to assess the regional specificity of our findings, an additional cortical region not implicated in mood regulation was also sampled (occipital cortex (OCC); BA 18). Since the DRN (an approximately 1.5-cm-long cylindrical structure oriented vertically in the posterior brainstem) does not have discernible borders on MR images, we used the MR to define z-axis landmarks from the upper pons to the midbrain on three consecutive sections (with the inferiormost plane defined by the interpeduncular cistern) (Niewenhuys et al, 1981) . The brainstem region of the DRN was then sampled directly on a late summed PET image (15-60 min postinjection interval) directly over the highest area of focal tracer uptake using an 8-mm-diameter circular ROI. Owing to negligible density of 5-HT 1A receptors, the cerebellum (CER) served as the reference region reflective of free and nonspecific binding (Pazos et al, 1987) . The cerebellar hemispheres were sampled on three consecutive planes centered approximately at the level of the inferior portion of the fourth ventricle. (Care was taken to avoid spill-in of adjacent occipital lobe radioactivity by sampling the cerebellum at least two sections below the inferior-most aspect of the occipital cortex). We previously performed inter-rater reliability (two raters) measures for three ROIs (CER, LOF, DRN), with intraclass correlation coefficients ranging from 0.926 to 0.998.
Time-activity data (0-60 min postinjection) were generated from the dynamic image data for each ROI. Specific binding was assessed via the binding potential (BP) measure that corrects the regional radiotracer distribution volume (DV ROI ) for the free and nonspecific radiotracer distribution as determined in a reference region. In those subjects who underwent 90 min scans, 90 min time-activity data was also produced for comparison purposes. For [
11 C]WAY 100635, the BP was determined by subtraction of the reference DV measure: BP ¼ [DV ROI -DV CER ] . This measure of BP is dependent on plasma nonspecific binding (see (Parsey et al, 2000) ). Plasma protein binding was measured in all subjects in order to consider the extent to which a group difference in BP could be influenced by this factor. In five subjects (four patients, one control), the k 4 of the CER (reference region) was near zero or negative; in these cases a two-compartment three-parameter model was used to obtain a DV CER value. In four of these five subjects, the two-compartment DV values were within 4% agreement with three-compartment DV values; in the remaining one subject for which k3 and k4 were very small and negative, further supporting the need for a one-tissue compartment model (with vascular volume). For other individual ROIs, outliers (defined as regions with a negative or near negative k 4 ) were excluded from analysis. This involved five subjects (four patients, one control) in whom seven ROI BP measures generated out of a total of 238 curve fits were excluded based on these criteria.
Regional BP values were corrected for potential partial volume effects due to differential cerebral volume loss among the elderly subjects and evidence for selective prefrontal volume loss in depression (Botteron et al, 2002) . For this purpose, we applied a previously validated two-component MR-based atrophy correction algorithm (Meltzer et al, 1999 (Meltzer et al, , 1990 , as modified and routinely used in our laboratory (Meltzer et al, 2001 ).
Statistical Analysis
For intergroup comparisons of BP values, we used a Wilcoxon rank-sum test (a ¼ 0.05, exact inference). A nonparametric test was used because the central limit theorem was deemed inapplicable as a result of the small sample size and violations of the assumptions of normality in the two populations. The Wilcoxon test was also applied to assess differences in age, educational level, and depression and cognitive measures between patients and healthy control subjects. Pearson's correlations were applied to examine the relationships between time to remission and BP, and baseline HDRS and BP. For all analyses, statistical significance was set at the pp0.05 level.
RESULTS
There were no significant differences in age, educational level, and MMSE or Mattis scores between the depressed and healthy control subject groups. Time to remission ranged from 2 to 14 weeks (mean: 7.173.9 s.d.; median: 6.5).
We Table 2 ). Although we selected few brain regions for study based on a priori hypotheses informed by the literature, it is worthy of note that this main study finding remains statistically significant following a conservative Bonferroni correction for multiple comparisons among seven ROIs (po0.007). The DRN BP measure was also correlated with baseline HDRS in the patients (r ¼ 0.60, p ¼ 0.014, t ¼ 2.7947, df ¼ 14), that is, the more severe the depression prior to therapy, the higher the DRN BP value. Further, the DRN BP in patients was positively correlated with time to remission in the 14 patients in whom treatment response information was available (r ¼ 0.52, p ¼ 0.067, t ¼ 2.0295, df ¼ 11; Figure 1) Cerebellar DV values tended to be higher in depressed than control subjects but no significant group difference was observed (control: 0.7070.22, depressed: 0.5770.12; Wilcoxon exact p ¼ 0.085, W ¼ 94, n 1 ¼ 17, n 2 ¼ 17). In the subset of subjects who had a full 90 min of postinjection emission data available, we observed high correlations in the cerebellar DV and regional BP measures calculated from 60 vs 90 min (r ¼ 0.80-0.93). Our data did not indicate gender differences in cerebellar DV (Figure 2) .
Measures of serum protein binding of [ 11 C]WAY 100635 were similar between the nine controls (mean: 0.0857 0.034 s.d.) and 14 patients (mean: 0.08770.023 s.d.) in which these data were available and indicated no group differences.
DISCUSSION
The major findings of this study include significantly reduced binding of [ 11 C]WAY 100635 to the brainstem 5-HT 1A autoreceptor in untreated, elderly depressed patients relative to healthy age-matched control subjects. We further observed a positive association between the magnitude of the DRN BP and severity of depression. Although this finding seems paradoxical, it may suggest a failure of adaptive mechanisms in those with more severe disease. This is consistent with a trend indicating lower DRN BPs were associated with reduced time to remission following antidepressant treatment. Our study suggests that the disturbance of [ 11 C]WAY 100635 binding to the 5-HT 1A autoreceptor (DRN) may be related to time to treatment remission following paroxetine therapy, although future larger studies are needed to confirm this trend. This seemingly nonintuitive finding of reduced autoreceptor binding in depressed elders at baseline, but relatively lower DRN BPs associated with reduced time to remission with paroxetine is analogous to blood flow and glucose metabolic Based on N ¼ 16 as a result of exclusion of data from one subject due to instability in the compartmental model fit for this ROI. Based on N ¼ 15 as a result of exclusion of data from two subjects due to instability in the compartmental model fit for this ROI.
PET studies indicating that successful antidepressant treatment does not always result in simple normalization of baseline deficits (Kennedy et al, 2001; Mayberg et al, 2000) . We did not see an abnormality in cortical prefrontal postsynaptic 5-HT 1A receptor-rich regions despite the widespread theory that reduced serotonergic input to the prefrontal cortex underlies depression.
The finding of reduced [ 11 C]WAY 100635 binding in the brainstem region of the DRN is contrary to the hypothesis that increased inhibitory 5-HT 1A autoreceptor activity is present in depression. Indeed, Stockmeier et al (1998) observed elevated autoreceptor number in the brains of suicide victims with major depression. Two in vivo studies of 5-HT 1A function in mid-life depression also contradicted the Stockmeier et al report. Drevets et al (1999 Drevets et al ( , 2000 found markedly diminished (42%) [ Although similar findings of reduced [ 11 C]WAY 100635 binding in the DRN have been observed previously in midlife and familial depressive subjects, we may expect depression in late life to have a different underlying pathophysiology. While the heritability of major depression occurring in young/midlife patients suggests a developmental defect in the serotonergic neuronal plexus, the heterogeneity of late-lifeFparticularly late-onset depressionFmay encompass patients with an acquired insult to the 5-HT system.
One limitation in interpretation of our results is that reduced [ 11 C]WAY 100635 binding in the DRN could result from either a decrease in density (or, possibly binding affinity) of 5-HT 1A autoreceptors or a loss of serotonergic cell bodies. Indeed, the small size of the raphe nuclei relative to the PET spatial resolution results in a systematic underestimation of tracer concentration in this structure. This effect was minimized by sampling the DRN using a small, uniform-sized ROI centered on the area of maximal tracer accumulation (Links et al, 1996) . There is lack of agreement among postmortem studies as to whether there is a substantial loss of neurons in the DRN in depression. Kassir et al (1998) reported a significant reduction in the size of the DRN of suicide victims, while Underwood et al (1999) found higher neuronal number and density in the DRN in suicide. Since the DRN does not have borders that can be clearly delineated with structural imaging, MR-based morphometric techniques are not useful for identifying a potential difference in DRN size between patients and nondepressed controls in vivo. Thus, reduced DRN [ Whether the neurochemistry of late-life depression is similar to depression in midlife is an unanswered question. The clinical heterogeneity of late-life depression and treatment response in depressed elders suggests that differences may be expected (Dew et al, 1997; Lebowitz et al, 1997) . Potential contributing biologic factors in the development of depression in the elderly include an imbalance of aging effects on the 5-HT neuronal system and ischemic disruption to serotonergic cell bodies or ascending afferent pathways. Aging degeneration has been observed in serotonergic circuits, such as in hippocampal 5-HT afferent fibers in rats (Venero et al, 1993) . There is, however, equivocal postmortem and in vivo human postmortem evidence of aging reductions in 5-HT 1A receptor densities (Arranz et al, 1993; Marcusson et al, 1984b; Meltzer et al, 2001; Tauscher et al, 2001) . Medical comorbidity and cerebrovascular effects may further influence the form and resilience of depression in late life. Links between MR-determined white matter hyperintensities and cardiovascular risk, cognitive impairment, and poorer response to antidepressant therapy also suggest that alterations in structural brain integrity may be integral to the pathophysiology and prognosis of late-life depression. Preliminary evidence in our facility in 26 elderly depressed patients demonstrated a significant correlation (r ¼ À0.43, po0.05) between white matter hyperintensity burden and pretreatment Mattis ratings (Butters et al, in press) , which is consistent and further supportive of a link between aging changes in brain function and late-life depression.
This study adds to growing evidence of the importance of 5-HT 1A autoreceptor activity in major depression and the efficacy of antidepressant pharmacotherapy. A report by Mayberg et al (2000) demonstrated reciprocal brainstem and cortical changes in glucose metabolism in depressed patients treated with the SSRI fluoxetine. Additionally, PET neuroreceptor studies may aid in the design and refinement of therapies targeted at reducing the interval between initiating therapy and clinical response. Although clinical trials incorporating strategies of autoreceptor blockade have yielded disappointing results to date (Berman et al, 1997) , recent studies suggest that the doses and agents used in these trials were suboptimal (Martinez et al, 2000; Rabiner et al, 2000 Rabiner et al, , 2001 .
A limitation of this study is uneven gender matching between groups. However, our data did not indicate an influence of gender on CER DV (Figure 2 ), unlike Parsey et al (2002) , who showed elevated CER DV in midlife women relative to men. This discrepancy may be due to the differing age ranges of subjects in the current work and that of Parsey and colleagues. We previously reported gender differences in the pattern of regional [ 11 C]WAY 100635 binding across the adult lifespan, where men showed higher values than women the brainstem raphe region and cortex in early adulthood (Meltzer et al, 2001) . These values fell in men with age, but remained stable in women. Based on this work, gender differences in BP were not expected in the age range of the current work.
Another potential confound in this study is the possible influence of chronic hormone replacement therapy in six study subjects (two controls and four patients). Based on animal studies, there is evidence that sex steroids may alter 5-HT 1A receptor function (Lu and Bethea, 2002; Osterlund et al, 2000) . Indeed, it has been suggested that regulation of serotonergic (particularly 5-HT 1A -mediated) function may be the mechanism by which estrogen affects the development and manifestations of mood and neurodegenerative disorders. However, human studies are lacking and future work is needed to determine the influence of hormone replacement therapy on 5-HT 1A receptor activity.
CONCLUSION
Our finding of decreased [ 11 C]WAY 100635 binding in the brainstem region of the DRN in depressed elders supports evidence of altered 5-HT 1A autoreceptor function in depression of late life. Further, this work suggests that the disturbance in autoreceptor activity may be related to depression severity and predictive of resistance to treatment with SSRIs.
